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Abstract 

The WASA 4-7T multidetector system, aimed at investigating light meson produc- 
tion in light ion collisions and 77 meson rare decays at the CELSIUS storage ring 
in Uppsala is presented. A detailed description of the design, together with the 
anticipated and achieved performance parameters are given. 
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1 Introduction 

The 4vr detector facility WASA0 was designed for studies of production and 
decays of light mesons in an internal-target experiment at the CELSIUS ac- 
celerator and cooler storage ring (Q]) . The highest beam-proton kinetic energy 
reachable at CELSIUS was 1.5 GeV and protons of energies up to 500 MeV 
could be electron cooled. Single and multipion production in proton-proton, 
proton-deuteron and deuteron-deuteron interactions were studied over a wide 
range of beam energies. The available beam energies also allowed production 
of eta mesons in proton-proton and proton-deuteron reactions and production 
of omega mesons in proton-deuteron reactions. 

The WASA project required some special technical developments e.g. a very 
thin- walled superconducting solenoid and a hydrogen pellet target. The pellet 
concept is crucial to achieve a close to 47r detection acceptance in this internal- 
target storage ring experiment. 



CELSIUS/WASA Homepage, http://www.tsl.uu.se/wasa 
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The WASA detector was installed at CELSIUS in 1999 and from 2002 it 
was fully equipped with read-out electronics. The WASA experiments were 
assigned in total about 6500 hours of beam time until June 2005 when CEL- 
SIUS was closed down. WASA was then moved to COSY at Forschungzentrum 
Julich, Germany, where it successfully started operation again in the autumn 
of 2006. 

In the CELSIUS/WASA experiment several production reactions were studied 
e.g.: pd — > 3 He7T7r (2), pp — > pp3% |3|), pp — > pp%° (jl), pd — > 3 He to, dd — *- 4 He nil. 
Some 7] decays e.g. r\ — > 3ir° (0), 77 — > 7r + 7r~e + e~ (0) and r\ — > e + e~ 7 (0) 
were studied in pd —y 3 Her] and pp —>■ ppr] reactions. New upper limits for the 
i] — > e + e~ e + e~ and r] — > fi + fi~fi + fi~ decay branching ratios (0) have been 
obtained. 



2 The WASA detector 



The WASA setup at CELSIUS, shown in the form of a CAD drawing in Fig. [H 
can be divided into four major parts: the pellet-target, the forward detector 
(FD), the zero-degree spectrometer (ZD) and the central detector (CD). 

Helium 

Liquefier Superconducting 

Solenoid Pellet Target 




Fig. 1. CAD view of the WASA Detector Facility. The zero-degree spectrometer is 
located further downstream to the right. 

The pellet-target system is integrated in the setup and it provides small 
spheres of frozen hydrogen or deuterium as internal targets. This allows high 
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luminosity and high detection coverage for meson decay products like photons, 
electrons and charged pions. 

The FD and ZD measure charged target-recoil particles and scattered projec- 
tiles. The FD consists of eleven planes of plastic scintillators and of propor- 
tional counter drift tubes. The ZD contains detectors placed in the CELSIUS 
beam magnets and provides information on forward going particles, that would 
otherwise be lost in the beam pipe. This was exploited e.g. for the identifica- 
tion of pd— > 3 He?7 events measured close to the kinematic threshold. The CD 
was designed for measurements of the meson decay products and consists of 
an electromagnetic calorimeter of CsI(Na) crystals surrounding a supercon- 
ducting solenoid. Inside of the solenoid a cylindrical chamber of drift tubes 
and a barrel of plastic scintillators are placed. A vertical cross section of the 
WASA detector is shown in Fig. [2j 




Fig. 2. Cross section of the WASA detector. The central detector built around the 
interaction point (at the left) is surrounded by an iron yoke. The layers of the 
forward detector are visible on the right-hand side. The individual components are 
described in the text. 



2. 1 Pellet target 



The pellet target system was a unique development for the CELSIUS/WASA 
experiments (jg 0). The main components of the system are shown in Fig. [3j 
The heart of the setup is the pellet generator where a jet of liquid hydrogen is 
broken up into droplets with a diameter of about 35 /zm by a vibrating nozzle. 
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Fig. 3. Layout of the pellet target system. 



The droplets freeze by evaporation in a droplet chamber and form a beam of 
pellets that pass a 7 cm long vacuum-injection capillary. After collimation, the 
pellets are directed through a thin 2 m long pipe into the scattering chamber 
and further down to a pellet beam dump. The inner diameter of the pipe is 
5 mm at the entrance to the scattering chamber. This arrangement provides 
the necessary space to put the 4n detection system around the interaction 
region. Pellet target thicknesses of up to 3 • 10 15 atoms/cm 2 gave acceptable 
half-lives of the circulating ion beam as well as acceptable vacuum conditions. 
Some of the parameters of the pellet target are listed in table [TJ The pel- 
let target system was regularly operated with pellets of normal hydrogen or 
deuterium. 



Pellet diameter [fim] 


25 - 


35 


Pellet frequency [kHz] 


5 - 


12 


Pellet - pellet distance [mm] 


9 - 


20 


Effective target thickness [at.s/cm 2 ] 


> 10 15 


Beam diameter [mm] 


2 - 


- 4 



Table 1 

Performance of the pellet target system. 
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2.2 Forward Detector 



The FD was designed mainly for detection and identification of scattered pro- 
jectiles and charged recoil particles like protons, deuterons and He nuclei in 
7r and 7] production reactions. Also neutrons and charged pions can be mea- 
sured. All FD plastic scintillators may supply information for the first level 
trigger logic. Most of the components of this part of the setup were used in 
a previous experiment at CELSIUS, PROMICE-WASA, which is described in 
more detail in ref. (fiol ). A summary of the most important features of the 
forward detector is given in table [2j In this section the individual components 
are described in some detail with emphasis on the extensions with respect to 
the PROMICE-WASA setup . 



Total number of scintillator elements 
Scattering angle coverage [degrees] 
Scattering angle resolution [degrees] 
Amount of sensitive material [g/cm 2 ] 

[radiation lengths] 

[nuclear interaction lengths] 
Thickness of vacuum window (st. steel) [mm] 
Maximum kinetic energy (T stop ) for stopping 

^/proton/deuteron/alpha [MeV] 
Time resolution [ns] 
Energy resolution for: 

stopped particles 

particles with T stop < T < 2T stop 
Particle identification 

Table 2 

Some features of the Forward Detector. 

The Forward Window Counter (FWC) is the first detector layer in the FD 
(along the beam direction) and consists of 12 plastic scintillators of 5 mm 
thickness (Fig. 0J. It is mounted tightly on the paraboloidal stainless steel 
vacuum window. Therefore, the elements are inclined with approximately 19° 
with respect to the plane perpendicular to the beam direction. The FWC 
signals are used in the first level trigger logic to reduce the background caused 
by particles scattered in the downstream beam pipe and in the flange at the 
entrance to the FD. The signals are also used to select He ejectiles at the 
trigger level. 



280 
3 - 17 

0.2 
50 

ps 1 
ps 0.6 
ps 0.4 

170/300/400/900 
< 3 

ps 3% 
4-8% 
AE — E 
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Downstream the FWC, there is a tracking device: the Forward Proportional 
Chambers (FPC). It is composed of four modules, each with four staggered 
layers of 122 proportional drift tubes (so called straws) of 8 mm diameter. The 
straws, made of 26 /im thick aluminized Mylar and with a central sense wire 
of stainless steel with 35 /mi diameter, are operated with a 50/50 Ar/C0 2 
gas mixture. The modules are rotated by 45° with respect to each other (in 
the plane perpendicular to the beam axis). They are used for accurate recon- 
struction of track coordinates and provide precise angular information of the 
particles originating from the target region. The FPC is described in detail in 
ref. (fiol ) and in the Ph.D. thesis of J. Dyring (fill ). 



The Forward Trigger Hodoscope (FTH), consisting of three layers of 5 mm 
thick plastic scintillators, is placed next to the FPC. There are 24 Archimedean 
spiral-shaped elements in the first two planes and 48 radial elements in the 
third. The special geometry, combining all three layers, results in a pixel struc- 
ture, which is useful for resolving multi-hit ambiguities (|12j). The FTH was 
designed to provide scattering angle information in the first level trigger logic. 



Behind the FTH, the four layers of the Forward Range Hodoscope (FRH) are 
positioned. Each plane is made of 24 plastic scintillator modules each of 11 cm 
thickness. The FRH, together with FTH, is used for energy determination of 
charged particles and for particle identification by AE — E technique. Fig. [5] 
shows how protons, deuterons and He nuclei can be identified. 
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(a.u.) 



Fig. 5. An example of AE — AE information from a deuteron-deuteron run at 
1012 MeV used for particle identification in the forward detector. Energy deposited 
in the first layer of FRH is plotted versus the energy deposited in the second layer 
of FRH. The upper two bands are from 4 He and 3 He nuclei and in the lower part 
of the plot there are two bands from deuterons and protons. 



The identity and initial kinetic energy of a charged particle is reconstructed 
from the pattern of deposited energy in the different detector planes. Even for 
particles that are stopped in a detector, the total deposited energy is different 
from the initial kinetic energy. This is because some of the energy is lost in 
inactive material between the detectors elements, in the scattering chamber 
window, etc. The variation of the deposited energy is strong enough to be 
useful for energy reconstruction also for high energy particles not stopped in 
the detector material. For protons, this can be used in the kinetic energy range 
300 MeV to 800 MeV and for deuterons in a similar energy range starting from 
400 MeV. Identification of punch-through particles can be done using either 
the forward veto hodoscope or the AE information from the last FRH planes. 
More details on FTH, FRH and the method for particle energy reconstruction 
are given in ref. (jlOl ). 



Between the third and fourth layers of the FRH there are two interleaving 
layers of 5 mm thick plastic scintillator bars with one-sided readout (Fig. [6]), 
the Forward Range Interleaving Hodoscope (FRI). Each layer has 32 bars, 
oriented horizontally in one and vertically in the other. The main purpose of 
this addition to the FRH is to provide a two-dimensional position sensitivity 
inside the FRH necessary for measurement of scattering angles for neutrons. 
The probability that a neutron of a few hundred MeV kinetic energy will 
interact in the FRH is around 35 %. The FRI can help to reconstruct outgoing 
protons from the nuclear interaction and to discriminate against background 
tracks due to secondary interactions in the beam pipe and other structural 
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material. More information about the design and performance of the FRI can 
be found in references ( 13c \l4 ) . 




Fig. 6. Schematic view of the FRI detector (upper picture) and its two planes with 
orthogonally oriented scintillator bars (lower picture). 

The last detector layer of the FD is a wall of plastic scintillators (Fig. [7]), the 
Forward Veto Hodoscope (FVH). It consists of 12 horizontal plastic scintillator 
bars, equipped with photomultipliers on both ends. The hit position along a 
bar may be reconstructed from signal time information with a resolution of 
about 5 cm (a). In the first level trigger the signals are used for rejection (or 
selection) of particles punching through the FRH. 
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Fig. 7. Schematic view of the Forward Veto Hodoscope. 

Optionally, a passive absorber layer (FRA) made of iron can be introduced 
between the last layer of the FRH and the FVH. The thickness of the absorber 
can be chosen from 5 mm up to 100 mm. Immediately in front of and behind 
the iron are placed 10 mm thick plexi-glass sheets. The absorber has been used 
for stopping the protons from the pp — > ppr] reaction at a beam proton energy 
around 1360 MeV. In this case the faster protons from elastic scattering and 



9 



from pion production penetrate the FRA and induce signals in the FVH which 
can be used for veto purposes in the first level trigger. 

2.3 Zero-Degree spectrometer 

The ZD uses the CELSIUS dipole magnets for filtering out low momentum 
reaction products escaping into the beam pipe (figure [S]). The reaction prod- 
ucts could be detected at different port positions of the vacuum-chamber in 
the dipole magnets (about 6.6 m away from the target). A range of magnetic 
rigidities relative to that of the circulating beam (Bp) re i of 0.3 to 0.8 could be 
covered. The acceptance depends critically on the size of the detectors and on 
the settings of the quadrupole magnets. The maximum geometric acceptance, 
0.7 msr, is reached at a relative rigidity of 0.65. A stainless steel window of 
100 yum thickness at the port position allowed the use of external setups of de- 
tectors. Setups of 6 layers of 12 CsI(Tl) crystals, some front Si-strip detectors 
and plastic scintillators were prepared for this purpose. 

The main detector setup was a telescope of silicon and germanium detectors 
cooled to liquid-nitrogen temperature installed inside of the vacuum- chamber. 
This was used for very clean tagging of 77 production in pd — > 3 H.er] reactions 
near the threshold. The telescope comprised two thin silicon and two thicker 
germanium detectors. The silicon detectors installed in front of the germanium 
ones are used as transmission (Ai?) elements for particle identification. The 
3 He ions from the pd — > 3 He?7 reaction are stopped in the thicker germanium 
detectors. 3 He ions with an energy of up to approximately 400 MeV were fully 
stopped in the detector telescope (Fig. [9]). The energy resolution (FWHM) of 
the telescope under normal CELSIUS conditions for 3 He ions with an energy 
of approximately 300 MeV is estimated to be about 1.5 MeV. A detailed de- 
scription of this detector system and its performance can be found in ref. (flil ). 

2.4 Central Detector 

The CD is built around the interaction point and was designed mainly for de- 
tection and identification of the decay products of tt° and rj mesons: photons, 
electrons and charged pions. It consists of an inner drift chamber (MDC), 
thin plastic scintillators in a cylinder geometry (PSB), a solenoid (SCS) pro- 
viding a magnetic field for momentum measurements and a Csl calorimeter 
(SEC). The amount of structural material is kept minimal to reduce the dis- 
turbances on the particles. The beam pipe is made of 1.2 mm thick beryllium 
and the total thickness of the solenoid corresponds to 0.18 radiation lengths 
only. The placement of the solenoid inside of the calorimeter allows the use of 
photomultipliers for readout. 
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Dipole 




Fig. 8. Drawing of CELSIUS dipoles downstream the WASA detector with the 
zero-degree detector installation. 
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Fig. 9. An example of particle identification using AE — E information from the 
zero-degree spectrometer for a raw data sample of pd interactions close to pd -^ 3 He?? 
threshold. 

The main requirements for the design were the following: 

• to handle high particle fluxes at luminosities around 10 32 cm _2 s _1 . 

• to measure photons with energies from a few MeV up to 800 MeV. 

• to measure, in a magnetic field of about 1 T, the momenta of electrons 
and positrons in the range 20 MeV/c to 600 MeV/c with an accuracy 
<r(p)/p« 2%. 
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The momenta of heavier charged particles can also be measured in a similar 
momentum range but with lower accuracy. For pions and muons an accuracy 
a(p) jp ~ 4% (for p 100 MeV/ c to 600 MeV/ c) can be obtained and for protons 
a a{p)/p « 6% (for p 200 MeV/c to 800 MeV/c). 

The main components of the Central Detector, shown in Fig. [2J are presented 
below in some detail. 



2-4-1 The Superconducting Solenoid - (SCS) 

The SCS provides an axial magnetic field for the momentum measurements 
of the tracks measured by the MDC. It also protects the CD from low-energy 
delta electrons produced in the interactions of beam particles with the pellets. 
The wall thickness of the SCS is minimized in order to allow high accuracy of 
the energy measurements in the calorimeter. The return path for the magnetic 
flux is provided by a yoke made out of 5 tons of soft iron with low carbon 
content. The yoke shields the readout electronics from the magnetic field and 
also serves as support for the calorimeter crystals. The main parameters of 
the SCS are given in table [3J 

Superconducting coil 

Inner/outer radius [mm] 267.8 / 288.8 
Superconductor (stabilizer) NbTi/Cu (pure Al) 

Total winding length [mm] 465 

Maximum central magnetic flux density, B c [T] 1.3 

Field uniformity in the MDC [T] 1.22 ±0.25 

Cooling (Liquid He) [K] 4.5 

Cryostat 

Material Aluminium 

Inner / outer radius [mm] 245 / 325 

Overall length [mm] 555 

SCS wall thickness (coil+cryostat) [radl] 0.18 
Table 3 

Main parameters of the superconducting coil and its cryostat. 

In order to map the magnetic field inside the volume enclosed by the SCS, the 
magnetic field strength inside the MDC was measured with Hall probes and, 
in addition, the field distribution was calculated with simulation programs. 
The calculated values were fitted to the measured ones with an error of ±1% 



of B total . The SCS is described in detail in ref. ( 1161 ) and in the Ph.D. thesis of 
R. Ruber (0). 
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2.4-2 The Mini Drift Chamber - (MDC) 



The MDC is placed around the beam pipe and is used for determination of 
particle momenta and reaction vertex. It is a cylindrical chamber covering 
scattering angles from 24° to 159°. For large angle scattered protons from 
elastic proton-proton scattering, a vertex resolution (cr) of 0.2 mm perpendic- 
ular and 3 mm along the beam axis can be reached. A detailed description of 
the MDC can be found in the Ph.D. thesis of M. Jacewicz (fl8l). 




Fig. 10. (Left) The fully assembled MDC inside the Al-Be cylinder. (Right) The 
MDC surrounded by PSB elements and the SCS cryostat. 




Fig. 11. (Left) Drift tubes secured in the end-plates. Note the stereo layers inter- 
leaved with parallel layers. (Right) Be beam pipe with pellet pipe crossing and 
forward cone. 

The MDC consists of 1738 drift tubes, so called straws, arranged in 17 cylin- 
drical layers. The diameter of the straws in the 5 innermost layers is 4 mm, 
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6 mm in the next 6 layers and 8 mm in the outer 6 layers. The straws are 
made of a thin (25 jttm) mylar foil coated with 0.1 /im aluminum on the inner 
side only. In the center of each straw there is a 20 /zm diameter sensing wire 
made of gold plated tungsten (W(Re)), stretched with a tension of 40 g. The 
wires are aligned with a precision of ±20 /im. 

This design was chosen in order to cope with the expected high particle flux 
allowing a maximum deposited energy of approximately 70 MeV/mm/s for 
the most exposed straws at the inner part of the chamber. 

The layers are located between radii of 41 and 203 mm. The straws in nine 
layers are parallel to the beam axis (z-axis) and the other eight layers have 
small skew angles (6°-9°) with respect to the z-axis. These stereo layers form 
a hyperboloidal shape. 

Due to the forward cone (Fig. [TTil . the straws in the five inner layers are 
positioned unsymmetrically with respect to the pellet pipe. The straws in 
each layer are inter - spaced by small gaps in order to prevent the mechanical 
deformation by neighboring tubes. 

The MDC is fitted inside a cylindrical cover made of 1 mm Al-Be and is placed 
inside the solenoid (Fig. [T0l) . 

The straws in each (half) layer are mounted between ^5 mm thick Al-Be end- 
plates. The layers are assembled around the Be beam pipe (Fig. [TTj) and the 
attached pipe for the pellets. The beam pipe has a diameter of 60 mm and a 
wall thickness of 1.2 mm. 




Fig. 12. Tracks in the MDC as seen in the event display of a rj — > e + e e + e decay 
candidate. 

Fig. [121 shows an event display of an rj — > e + e~e + e~ decay candidate. The lines 
represent the tracks reconstructed in the MDC from the pattern recognition 
program. The apparent spread of points is due to hits in the stereo layers from 
forward/backward going tracks. The shaded areas in the outermost rings gives 
the projection of the hit PSB central elements and the hit SEC crystals (the 
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size of the crystals and the radial position of the front faces are not to scale). 



2.4.3 The Plastic Scintillator Barrel - (PSB) 



The PSB is located inside the SCS and surrounds the MDC. It provides fast 
signals for the first level trigger logic and, together with the mini drift chamber 
and the Csl calorimeter, it is employed for charged particle identification by 
the AE — p and AE — E methods and serves as a veto for 7 identification. 

The performance of the PSB has been studied using proton-proton elastic scat- 
tering events. Fig. [13] (left plot) shows the result of a Monte Carlo simulation 
of the angular dependence on the energy deposited in the PSB. Fig. [13] (right 
plots) shows typical experimental spectra after a correction for nonuniform 
signal response has been applied. 



Monte Carlo. PP elastic 
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DATA: PSC18 PP elastic 
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Fig. 13. (Left) Angular dependence of the deposited energy in the PSB for simulated 
elastically scattered protons. The energy deposition increases with increasing polar 
angle (corresponding to a decrease of the kinetic energy of the proton), until par- 
ticles begin to stop in the plastic scintillator material (at around 9 = 77°). (Right) 
Experimental spectra corrected for light attenuation for four of the PSB central 
elements. 

In the initial experiments the momentum and energy resolution allowed rea- 
sonable discrimination between pions and protons, which is illustrated in 
Fig. For high energy charged particles also SEC information is available 
and can be used for the identification. 



The PSB consists of a cylindrical part and two end caps and contains in total 
146 elements shaped as strips of 8 mm thickness. In the cylindrical part there 
are 48(+2) elements of 550 mm length and 38 mm width, forming 2 layers with 
a small (on average 6 mm) overlap between neighboring elements to avoid that 
particles pass without registration. The end caps with an outer diameter of 
approximately 42 cm in the backward and 51 cm in the forward part contain 
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Fig. 14. Example of particle identification in the central detector for a raw data 
sample collected at 1360 MeV. Energy deposited in the PSB is given as a function 
of signed momentum from the MDC. The regions for protons and pions are marked. 

48 cake-piece shaped elements each. The front end cap is flat while the rear 
cap forms a conical surface. Both end caps have a central hole for the beam 
pipe (19 cm diameter in the forward and 12 cm diameter in the backward 
part). One sector of the PSB is shown in Fig. [151 



Type "C": Forward 



Type "D": Backward 





Fig. 15. (Left) Layout of one section of the PSB detector. A denotes the rectangular 
counters of the barrel wall and B and C are trapezoidal elements in the forward 
and in the backward caps respectively. D are bent light guides. (Middle) Two shapes 
of the trapezoidal forward elements with dimensions marked in mm. (Right) Shape 
and dimensions in mm of the trapezoidal backward element. 

Each scintillator is glued to an acrylic light guide coupled to the photomul- 
tiplier tube (PMT). The PMTs are placed outside of the iron yoke to shield 
them from the magnetic field. For this purpose, approximately 50 cm long 
light guides are used. 



2.4-4 The Scintillator Electromagnetic Calorimeter - (SEC) 

The CD calorimeter SEC is able to measure photons, electrons and positrons 
with energies up to 800 MeV. The energy threshold for detection of photons 
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Fig. 16. The angular coverage of the SEC. The CM system solid angle (dQ s /cIOlab) 
vs. the LAB scattering angle (Slab) is shown for pp and pd interactions at 1500 MeV 
and 895 MeV. 

is about 2 MeV. The SEC consists of 1012 sodium-doped Csl scintillating 
crystals placed between the superconducting solenoid and the iron yoke. The 
scattering angles covered by the SEC are between 20° and 169°. 

The crystals are shaped as truncated pyramids and are placed in 24 layers 
along the beam (Fig.s[2land [T7I) . The length of the crystals varies from 30 cm 
(16.2 radiation lengths) in the central part to 25 cm in the forward and 20 cm 
in the backward part. Fig. [16] shows the angular coverage together with the 
thickness of the SEC. As a measure of the anticipated photon fluxes, the center 
of mass (CM) system solid angle vs. the laboratory (LAB) scattering angle is 
shown for some experimental conditions at WASA. 

The forward part consists of 4 layers with 36 elements each. It covers scatter- 
ing angles from nearly 20° to 36°. The central part consists of 17 layers each 
having 48 elements, and covers scattering angles from 36° to 150°. The back- 
ward part consists of three layers. Two layers have 24 elements and the layer 
closest to the CELSIUS beam pipe has only 12 elements. The small spaces 
between the forward-central and central-backward parts are occupied by PSB 
light guides and mechanical support for the solenoid (back end only). To pre- 
vent photons and fast particles to escape undetected, these spaces (and the 
neighboring layers of crystals) are not pointing exactly towards the interaction 
region (Fig. [TBI) . The calorimeter covers nearly 360° in azimuthal angle. Holes 
for the pellet pipe (2+2 crystals) and for the solenoid chimney (4 crystals) are 
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Fig. 17. Schematic view of the SEC. It consists of the forward part (shadowed area 
to the left), the central part (not shadowed area in the middle) and the backward 
part (shadowed area to the right). The beam is coming from the right side. 



not shown in the figure. Some design parameters of the calorimeter are given 
in table HJ 



The SEC is composed of sodium-doped Csl scintillating crystals. This type of 
scintillator material provides a large light yield, has short radiation length and 
good mechanical properties. CsI(Na) was chosen instead of the more commonly 
used CsI(Tl) scintillators for the following reasons (11 3; 1201): 



• Its emission peak at 420 nm matches well the bi- alkali Sll photocatode of 
the selected PM tubes, giving good photon statistics and sufficiently fast 
response. 

• Its shorter scintillation decay time is preferable in high-rate applications. 

• CsI(Na) gives much less afterglow than CsI(Tl). 

• CsI(Na) seems more resistant against radiation damage. When irradiated 
by a proton beam corresponding to 10 years of operation a test crystal did 
not show any visible change in its structure. The CsI(Tl) test crystal, on 
the contrary, lost its transparency. 

The crystals are connected by plastic light guides, 120 mm to 180 mm long, 
with the photomultipliers placed on the outside of the iron yoke. In Fig. [18j 
a fully equipped single calorimeter module consisting of a Csl crystal, a light 
guide, a PM tube and a high voltage unit, enclosed inside a special housing, 
is shown. 
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Amount of sensitive material [g/cm 2 ] 
[radiation lengths] 
[nuclear interaction length] 
Geometric acceptance: 
polar angle [degrees] 
azimuth angle [degrees] 
Max kinetic energy for stopping 

-k^ I proton / deuteron 
Scattering angle resolution [degrees] 
Time resolution [ns] 
charged particles 
photons 
Energy resolution 
charged particles 
photons 

Table 4 

SEC design parameters. 




Fig. 18. A fully equipped module with Csl crystal, light guide, PM tube and housing. 

The performance of SEC for photon measurements is illustrated in Fig. [19] by 
data from proton-proton collisions at 1450 MeV beam proton kinetic energy . 
Events with two protons measured in the FD with a missing mass in the eta 
region are selected. The plots show the invariant mass of the system of 7 for 
events with 27 and 67 detected. The energy resolution in the simulated data 
(for the 27 case) corresponds to cr E /E ps 0.05/ \/E(GeV). The SEC is described 
in more detail in the Ph.D. thesis of I. Koch (1211 ). 
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Fig. 19. (Left) Solid line - invariant mass of two 7. Dotted line - simulated data 
including the rj — > 27 decay and direct tt° and 2ir° production. Dashed line - the 
contribution from 2tt° production separately. (Right) Solid line - invariant mass of 
six 7 (mainly from rj — ► 3ir° decay), dashed line - after a kinematic fit constrained 
by that there are three pairs of photons originating from ir° decays. 

2.5 The Light Pulser System - (LPS) 



The LPS delivers reference light pulses via light fibers to all scintillation coun- 
ters in order to monitor their gain during the experiment. Since both slow and 
fast scintillators are used, two types of light sources were designed. A xenon 
flash tube from Hamamatsu is used for the Csl elements of the calorimeter 
and three LED-based light sources, of the type used in the PROMICE-WASA 
setup (1221). supply reference pulses to all plastic scintillators. From those four 
sources the light signals are distributed to individual elements via a network 
of light fibers. All light sources are monitored for stability, using PIN photodi- 
odes and stable amplifier circuits. The relative resolution of of the light pulse 
signal amplitude from the plastic scintillators is typically 1.5%. More details 
about the LPS will be found in ref. (1231 ) . 



2.6 Data Acquisition System - (DAQ) 



The DAQ (Fig. [201) handles the signals from the more than 5000 different 
detector elements of WASA. All signals are discriminated to provide also time 
information and logic information for use in the trigger. The discriminators for 
the CD and the FPC were developed within the collaboration while the FD 
scintillators used commercially available leading edge discriminators. The FPC 
signals were " time multiplexed" after the discriminators by delaying every 2nd 
channel and combining the channels 2 and 2 to reduce the number of digitizing 
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Fig. 20. Structure of the WAS A DAQ and trigger system fl2J; l25l ) 
channels. 



The trigger system is based on specially developed hardware. The first level 
trigger uses discriminated signals from the plastic scintillators and generates 
gates and stops for the QDC's and TDC's. A multiplicity is calculated for each 
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detector plane, with clustering of neighbors. Also several consecutive planes, 
FWC-FTH-FRH, can be required to have matching hits in <fi before calculating 
the multiplicity. The conditions from the different planes are combined in a 
48 input coincidence matrix. In the second level, implemented by using fast 
clears of the TDC's and QDC's, the signals from the calorimeter are used. 
The analog PMT signals from the SEC are summed in groups of 4x4 or 3x4 
and an energy threshold is applied. The logic signals from the groups can be 
combined with information from the PSB to give information on the number 
of hits from charged and neutral particles. The analog signal can be further 
summed to allow a threshold on the total energy in the SEC. An additional 
method to search for clusters use the discriminated signals from the individual 
SEC elements. Special hardware search for and count the number of clusters of 
neighboring elements in the 2d SEC matrix. Many parameters of the trigger, 
like coincidence conditions and delays, could be remotely controlled via an 
I2C-bus built into the trigger crates. 



The readout system is based on digitizing modules in the FASTBUS stan- 
dard. The charge from the 1500 PMT signals are digitized by 23 LRS18810 
QDC's and the time information from the MDC, the multiplexed FPC and 
the discriminated PMT signals, by 47 LRS1876 TDC's. In addition there are 
three STR20CE] 32 channels scalers for monitoring of trigger rates. (In total 
over 6000 readout channels). With zero suppression in the QDC's and TDC's 
this gives an event size of a few kbytes. The modules are distributed over four 
fastbus crates which are read in parallel. In case of a trigger each LRS1821 
crate controller send the data over a proprietary RS485 link to a PCI-7300A 
interface in the readout PC. An event number for synchronization is added by 
the link hardware. The PCI-7300AED is a 32 bit digital I/O interface with a 
maximum data rate of 80 Mbytes/s A typical readout time between 250 and 
300 /is was achieved. The readout PC sends the data from the 4 PCI-7300A 
over gigabit ethernet to another PC where the data is written to a disk array 
and monitoring stations can connect to look at the data. The subevents from 
the 4 crates are combined offline by the monitoring and analysis programs. 



For the ZD internal detector setup, a slower separate data acquisition system 
was used in parallel to read the Si and Ge detectors (|26l ). A threshold on 
energy in the Ge detectors provided a typical trigger rate of a few Hz which 
also triggered the main DAQ. The main DAQ also recorded the event number 
from the separate system so that the events could be correlated offline as well 
as some Ge pulseheight information for cross check. 



2 http://www.lecroy.com/lrs/ 

3 http://www.struck.de/ 

4 http://www.adlinktech.com/ 
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2. 7 Slow control 



A large number of detector parameters in WASA required monitoring and 
setup independent of the DAQ. For example the pellet target and solenoid 
whose operation in addition required a close integration with the operation 
of CELSIUS. To facilitate this, their control, together with the high voltage 
for the FD PM tubes and the trigger, was integrated in the same system used 
to control the TSL accelerators and beam-lines. This runs on VME based 
VxWorks processors each communicating with a subset of the hardware. All 
processors are connected together in a dedicated ethernet network with UNIX 
workstations where graphics interfaces based on Tcl/Tk and SL-GMS Syn- 
optic^ allows control over the parameters. The parameters are stored in a 
database on the workstations with local copies on each VME processor of 
the relevant subset. All parameters are logged at regular intervals as well as 
changes to the settings. 

Also accelerator-cycle dependent quantities like trigger rates, pellet rate and 
beam current were monitored separately from the DAQ by 3 VME scalers. 
The MIDAS data acquisition syste was used to log the rates. The web 
interface of MIDAS could be used to monitor the rates in real time from any 
computer. 



3 Summary 



The 4ir detector facility WASA, designed for studies of production and decays 
of light mesons in proton and deuteron reactions at the CELSIUS storage ring, 
has been presented. The facility is based on the specially developed pellet inter- 
nal target system which allowed a detector coverage of close to Am steradians. 
Large scattering angles are covered by an electromagnetic Csl calorimeter and 
straw chambers for tracking of charged particles in an solenoidal magnetic 
field. At forward angles there are straw chambers and a multilayer stack of 
plastic scintillators. He nuclei escaping in the CELSIUS beam pipe can be 
detected in a zero-degree spectrometer. 



5 http://www.sl.com/ 

6 http://midas.psi.ch/ 
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